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ELECTRON EMISSION CURRENTS OF METALS
COVERED WITH ATOMIC LAYERS

S. Wagner

Institute for General Electrical Engineering,
Rostok Unlversity

IHtroductlion

In electron emitters, covering with atomic layers plays an
important role, sinece impurities in the environment are almost
universal. Even with a good vacuum (10-8 torr), it takes only a
few seconds for a previously clean, .,cold surface to become
covered., Langmuir {6], Rasor [7], et al. have reported semi-
empirical relations giving the emission current as a function of
temperature for specific combilnations of materials. The fol-
lowing article will show the general evaporation equilibrium
process of atoms, and not inherent, substance-specific temperature
dependences; the point at which substance-specific details enter
will also be indicated. The object of this study 1s not to com-
pute the physical parameters (e.g. the work function) for specific
combinations of substances!, but to give 2 general framework into
which such concrete parameters can be placed. The great importance
of correct averaging in the calculation of the function for
covered surfaces will be indicated. Using anpexperdmentddecunhent
density/temperature curvey. we will show how large the differences
produced by varicus averaging metheds can be. This problem s
also Important for thermionic converters.

! After Handing in the present work to the printeru(Sept. 1965),

studies were published concerning this subjJect, such as those
listed in the references under [9] and [10].

¥ Numbers in the margin indicate pagilnation in the foreign text.

/887%



l. Principles

In order to make the geometrical relationships as simple as
possible, a plane arrangement is taken as a base:y in which
electron emitter and evaporator stand opposite each other. While
the evaporator has a homogeneous surface, the emitter is covered
wilth the evaporator substance, to a degree of cowering 0 (Fig. 1).

Let the spots on the emitters be at
y first any size desired; they may even be

f within atomic dimensions. In the fols

e yors
/ 18Wing, it will be assumed, as usually

/ applies, that under the present conditions
N pett'c ¢ monatomic layers adhere more firmly to
“higicht pececkt 00 T the base metal of the emitter than to the
Fig. 1. Diagrammatic
sketch of emitter

and evaporatory the adsorption enery Ep is greater on the
arrangementnt

basic material of the evaporator, so that

emitter than on the evaporator. The

Key: a. Evaporator; result 1s that the emlitter is relativedy
b. Uncovered;

well covere ven fo TE con-
c. Covered ered e r tempendtures n

slderably above the evapcrator temperature.
Moreover, primarily those atoms are ad-
sorbed and adhere longer to the emitter that meet the still-
uncovered areas. The problem then 1s to determine the equilibrium
condition for evaporation, both on the electron emitter and on
the evaporator, for variocus temperatures. One first obtailns the
degree of coverage as a function of tempeératureiurEt 1s thus easy
to compute the course of the emission current. In the following
derivations, some simplifications will be used, which, however,
do not affect essentials, so that theilr subsequent elimination is
possible if necessary. In generaly. howewer, the results of these
approximationasrelationships should adequately report the course

of the emission current.



Let the number of atoms being evaporated. per unit time and
area ., be called G. Thils particle current density depends ex-
ponentially on the bond energy and temperature:

. G=K - exp[— E,/kT) (1)

In detailed studies, K is shown to be not always entirely /888

independent of temperature; however, this is unimportant in this
case, since the exponential function remains dominant.

The atoms evaporated from the evaporator and electron emitter
- elther go directly to the opposite electrode or form an intervening
gas with phessureppysif thé& free path length 1s smaller than the
distance between electrodes. These two limit cases will be
considered separately in the following study, although the results

show conly insignificant differences.

2. Computation of Degree of Coverage @

2.1. Free Path Length << Distance between Electrodes

The pressure p of the gas™ between the electrcdes is in-
dependent of #hocation. Because of the difference in electrode
temperature, the gas densilty then differs in front of the emitter
from ihefront of the evaporator:

é Py = 0y kTv=pE#nE kTE

(2)
(33

n‘_,fnE = TEnyy -

On the emlitter a diffusion current flows onto the surface in the
quantity

N n.v,
) E Vg
G =

e Y )
il
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of which, however, according to the hypothesis, in practice only
that part remains adhering which meefs the uncovered porticns:

. ng v
Gpor— — {1—~8)

e _ . -

(5)

At the same time, atoms are evaporated from the covered places:

G,;OffKE-expl%f;:-]-O\ (6)

The equilibrium condition must be

w

GyofE G on (7)

Similar relations apply on the evaporator; of course, here the
degree of coverage 1ls to be placed equal to zero:!

n, v, AV
] G, 66 5 =K_-exp{ kT'}—G.off\ (8)

Equations (7) and (8), of course, only apply for a compdéte
equilibrium, i.e., when the degree of coverage on the emitter
remains constant over time as %2ong as the temperafures do not
change. In an equilibrium, the quantity of gas between electrodes
also remains constant, 1f peripheral logses are ignored. If the
measurement apparatus selected does not permit such losses to be
disregarded, then Gy orf in equation (8) must be increased with
regard to Gy gn P¥ an amount so that the losses are covered and
§Quation (7) again applies. From eqguations (5)~(8) results,

with the aid of equation (3)

L LTy B E,y 7
f"""f‘if*‘""‘""{" ke, | =0 | TR, (9)
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This may be simplified if one considers the relationship

Vol vy =V TefTy k ¢10)

so that

(11)

L Ew]__® _Eax
D VT Keeexp [— j;‘lf] =7k e"p[ KTy,

The desired dependenceasfithe degree of coverage on the tempera-
tures of the emitter and the evaporator is obtained from
equation (11) by solving for 6:

i

i ‘ e L\~
U o (14 Ke |/ T gyp[ Bav _ Eur (12)

According to e€quation (12), the degree of coverage, as the
experiment also requilres, is 1 for low emitter temperatures and
flalls steeply toward zero as soon as the current density of
evaporated particles at the emitter exceeds that at the evaporator
(Fig. 2). The sguare root obtalned from the temperature correla-
tlon which appears as a factor in equation (12)
plays only a subordinate. role. O0Of course, in

14 ——— practice multiple layers ocecur for low tem-
1 ! : peratures. This is not described by equation
h e K (12), since, according to definition, 0 may not
Fig.:22. Dig-
grammatic
dependence
of degree of
coverage on
emitter
temperature.

be greater than 1,

2.2. Free Path Lenpgth »>> Distance between
FElectrodes

In this case, no actual gas exists; each
evaporated particle goes to the opposite electrode. Part of the
substance from the evaporator will even go to covered portions



and form multiple layers, although, according to the hypothesis,
these are more easily evaporated again. Consequently, a degree

v

13
a
Beror

.ﬁ'?
of multiple coverage 61, Inddiecating the pobidonnofl
surface with multiple layers, will be introduced
in the following in:dddition to the degree of

bmﬁ coverage O, giving the portion of area which is
i covered at all. The atoms which are deposited over
%ig 3. the monatomic base layer are, as a first apprexi-
Evapora- mation, bound to their base layer as to the
tor and
emitter evaporator. The same parameters are therefore in
with par- effect. In the temperature range of d@nterest, i.e.,
Eigiemul# for Tgp which are not too low, one may definitely
covering place 87 << 8. Thus, for evaporatlon on the emitter
for
X > d. there appliles
Key: E : B,

. AR
a. GEO‘f’;@O ; G%rf-f—-el{gexp [_‘ ‘k",i,‘;] +9! ' erexp{"‘ ﬁ;} (13)
b. GEOffl . ]
and 1in addition in an equilibrium /889

(14)
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Cppesite the covered portion Owofl the emitter surface there stands

an evaporator area of the same size. In this connection it is

supposed that all atoms move perpendicularly to the surfaces.

Since in equilibrium ©7 must alsc be constant, the particle cur-

rent which meets the covered portion © of the opposite, equal

evapocrator surface 1s equal to the particle current which evapo=a

rates from the multiplécalayers:

x|~ 2] o] - 2] | (15)



With equation (15}, 01 can be elldilnated from equation (13), and,
together with equation (14), there results

;B-KE-exp[-—?“r—E]-#B'K,-exp [—ﬁ%{}

E

: : (16)
) Ewl
=K'-exp —'-k-,IT‘;

or
X E E —1
:(1+R—?ex9[ﬁ%—fé}) (7

Up to the factor vTyp/Ty, this expression agrees with equation (12).
If one increases the electrode interval from very small values

fo congiderably above the free path length, the degree of coverage
correspending to this facteor becomes somewhat less, because of

the gas between the electrodes. However, this factor is not very
important, and the curve sketched in Fig. 2 also applies to ©
equation (17).

2. Electron Work Function

It is known that extraneous layers which are adsorbed on
the surface form electric dipoleslayers and thus may considerably
alter the effective work function. The strong combining forces
orn the surface lead to polarization even of molecules which
polarize * with difficulty. With multipléclayers, the uppermost
layer is combined approximately in the same way as on the
evaporator. Polarization and work function must, consequently,
also agree with those of the evaporator. However, according to
the hypothesis, a monatomiec layer is more firmly bound to the
metal. Stronger polarization may be combined with this than ceccurs
on the evaporator substance, so that the work function of the
metal with a monatomie covering may be somewhat smaller than that
of either the evaporatoer or the emitter metal, if the vector of



the dipole moment of the layer is @irec¢ted away from the emitter.
This minimal work function increases with greater covering to
that of the evaporator material. Larger areas with monatomic
covering thus either have the work function of the evaporator or,
in case of the polarization effect mentioned above, have the
minimal work function. This depends on the evaporator material,
In the following, let i1t be left open what numefical value 1s to
be inserted for the work function e:lgo of the area completely
covered with a monatomic layer. In any case, elUzp is at least
very near the evaporator work function. T"Bhe emitter sﬁrface con-
slsts of uncovered areas with the undisturbed work function e Ugp
and covered areas with e Ugp, = e Ugy.

Of particular interest 1s the case Uyp < Uzp (e.g., Cs.,
Ba, or LaBg on W). The surface potential of these areas differs,
so that electric fields grise on the boundaries between areas
(Fig. 4). The areas with smaller work function are positive as
compared with their surrcocundings. The fields
| Autdampfschicnta: are directed in such a way that they hinder

|

EL

electron emission from areas with a small Ug
and favor emission from areas with a large Ug;

mtba B thus they have an equalizing effect. For the
Fig. 4, = 7 first time in the present considerations, the
Boundary ize of th ts begins to pl le. Th
field spobs size o e spots begins to play a role. e
for par- fields have an effect only in a narrow boundary
zéiéigd zone, which is on the order of magnitude of a
metal. few layer thicknesses (atom diameters). In
Key: a. De- spite of the uniform degree of coverage, the
posited deposited material may be finely distributed,
RS consisting in the limiting case of individual,

unconnected atoms, or growing together to larger
slze. In the first case, the average value
of the work function also has an effect on electron emlssion; in
the second case, the emlssion of the two areas 1s independent of
one another, each with 1ts own work function. The average



value of the work function does:ndt then determine the total emls-
sion current, but rather would result as a measured value, e.g.,
in the determination method using a vibrating capacitor. This
average value is given by

f@=muﬂ+u—mum=um—e@¢fuw (18)

One then obtains the curve dlagrammed in Fig. 5.

When the polarization effect mentloned above occurs, the
broken line applies. That value of Uys i1s to be inserted which
applles for a small @, ,up to © = 1. Thus, with a very pronounced

minimum, the minimal value of Uy 1s to be
inserted, not the value applying for Ty < O.

: Cases in which the atoms deposited on the
7 j__u“jz emitter become ionlized and are evaporated as
~— e 5. ions (e.g., Cs on W) must be excluded for the

‘%18' 5 Depen- present, since 1n this case other energy values

denceodfwwoik apply.

function on

emitter tem&

perature. 4., Emission Current

Key: a. With
polarization With a finely distributed covering, in the

Richardson-Duschman formula the average work
function can be inserted according to equation
618} and one obtains for the density of the electric saturation

current

I 2 . eﬁ_
:sS": ATpexp |~ KT,

1

‘6 \
= AT exp [“ T (U, — 8 (U — U,y (199
Ty

If one plots this current density logarithmically over 1/Tg, the
curve shown in Fig. 6 results. This curve also results

™~

(@]



gxperdimentally. The current curve follows the emission line which
is characteristic of the emitter metal for high temperatures

(@ = 0) and passes into the line of the evaporator material with
an increasing degree of coverage (@ = 1).

S @1 In the case of covering with large spots
lﬂ?<;é§;wf" and large Intervening uncovered areas, the emis-
i rwo,% = sions off the two areas are almost independent of
i e one another, since the boundaries of the spots
gigﬁ g% Dia- then have no great effect. In correspondence
emission with the surface components, the current is
gg;iiggain compesed as follows:
rithmic ) ) . |
s waens [ oun[ - 12]
- = (1 — 8) Sy, + 6 Sz = S, + 0 (Sca — So) (20)

3g1 1s the current density of the uncovered metal, Spo that
of the completely covered metal. From equation (20) results a
curve shape resembling that diagrammed in Fig. 6. However, the
degree of coverage according to equation (19) passes much more
sharply into dependence on temperature than according to
equaticn ¢#20). Reality must lie between the two extremes. There
are very many individual molecules, but also some spots where
molecules have grown together. Wlth a gradual depositing (no
spraylng of the evaporator), especlally for monocrystal surfaces,
the layer form must approach quite closely that assumed as finely
distributed in equation (19).

The constant A, which helps to determine the emission current
in equations{(29daand (20),wwill henceforth be regarded as a real
constant, although it is known that in practice this is not so.

In general’  this variability is traced, at least in rart, to the
temperature dependence of the work function. For thé great
change in U which is treated here, such effects are contained to

10



begin withﬂiﬂ:exponents in equation (19). A second effect is also
Operative,‘especially for a semiconductidng evaporator materlal
(BaQ), leading to reductions in the constant A for multipléa
layers as compared with a monatomie layer on metal. Because of
the significantly less carrier content of the poorly conduéting
semiconductor base, much fewer electrons are brought to the sur-
face for emlsslon than with a metal base.

5. Determination of Bond Energies from Experimental Curves

If equation (20) 1s valid, the degree of coverage can easlly
be obtained from experimentally measured current density curves
(corresponding to Fig. 6): s (W,

— SalTy — S Ty (21)
o S(]ﬂ (Tp;) - SO[ (Tp;)

For this purpose, the lines for Spq and 3Sgpj-according to Fig. 6,
are plotted as tangents to the measured curves; one may then

read the values of Sgi (Tg)s So1 (Tg), and Sgp (Tg) for all Tg,
and one may compute 9} by points, according to equation (21).

Of course, the shape corresponds to that in Fig. 2, and the
average value ﬁé which can be obtained from it corresponds to the
curve in Fig. 5. One may alsc attempt to obtain the adsorption
energy Epg and Epy from the measured curves. For this one may
use the slope of the curves in fthe transltion area betwéen
relative minimum and relative maximum,aacce®ding to Fig. 6. One
first finds the temperature with © = 1/2. Then 831 = Sel/AT%_ms
plotted logarithmically over 1/kTg. The slope, B(logSgl)/a(i/kTE),
then becomes for @ = 1/2:

3lns:, =lE —eU
b= FWRT o=y 2 4B (22)
or _
E,.=20b+eU, (23)

11



(One may find U,o and Uy from the slope of the logarithmic
lines Sgi and Sgp. The values thus computed are usually tooc larsge,
since covering with large spots represents only one extreme case.
The other extreme case 1s given by a covering which is completelyy
uniform and #inely distributed atomically; for this equation (19)
applies,

The measurements interpreted below were made under conddtions
closely approaching the hypotheses for equation (19). This
equation should therefore be discussed 1n somewhat more detail.
Here again computation is made with the reduced current density
Sg = Sel/ATE. The slope is thehoobtained:

ainS,

Ty =~ Um+eeUs— U,

(24)

‘ U — Uy At —g)
. +e( 'y a2 kTE

To locate the relative minimum in the logarithmie curve, a
simple extreme value analysis, with k®p/Epg << 1, results in:

. r, 1 ,k'I‘E. v, ‘
I e"'{nwﬁ; Eup) Uis— Vo2 (25)

The maximum is found by

gy 26)

It is important to locate the point of inflection of the curve.
With the usual methods of differential calculus, cne obtalns

: 1 kT‘
e'=~:-2—-+-EﬁF

(27)

ALK
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The point of inflection is located near © = 1/2, However, if one
reads the slope for © = 1/2 one cobtalns from a single conversion
of equation (24).

‘2b_ 4 eiU,, 4+ U,y ok
e(UnE-HUnZ) E {028)

Ey=

Fig. 7 exemplifies two measured current density curves.?
The measurement apparatus was a diode with a filamentary emitter,
which was heated electrically and was surrounded by a small
molybdenum tube. The latter could alsc beWwheated and had a rela-
tively thick inner layer of BaO. The small tube served as both
evaporatoryand ancde. Equation (28) yields a bond energy for
the molecule deposited on the tungsten emitter of 2.5 eV; in
contrast, equation (23) yields ca. 8.5 eV. A mixture of Ba0 and
Ba is deposited.

The actual vaiue lies between the &twd extremes. This is
understandable if one considers the surface structure of the poly-
crystalliine tungsten. The work function differs for different
surfaces of a tungsten crystil, varying between 4.2 and 5.6 eV
L2]. The surfaces of the crystal are not covered at the same rate.
For example, with a drep in temperature, for average © the outside
crystal planes, with a large work function, are completely
covered when other planes are only beginning to be covered. This
causes a surface to be covered with large spots within which there
1s a very fine distribution. This mixed structure results in a
bond energy which is between the boundary valuespgdven above.

From data given in the literature [3, 4], the bond energy
Epy of BaO on the evaporator can be computed as ca. 4 eV. The
bond energy, Epp, on the tungsten emitter would then have to be

. 2 The measured curve in Fig. 7 was plotted by Mr., Partsch.

13



= larger than 4 eV, according

‘\>x\£k-1v ;iﬁ to the above-hypothesis that
j y £ 2] bonding is Stvonger on the
¥ I emitter than on the ewvaporator.
These relationships are
7 sl accurate when measurements
sd/ / 5. is begun. However, there
g? , ensuesnon the tungsten
\ ' ) N emitter the reiction
N y £, 16+
RT“‘*’// 57 - D
&g 5 ﬁBaD-I-W——-B‘-'::LAg-V‘lAAT(J)g-I-:iBa
wbth an activation energy of
o 3.4 eV [5]. The evaporated
\r//’ ; barium then returns to the
. * evaporator, so that after a
.“%4ﬁ ' period of adjustment the
) _ _ more volaétile barium domi-
B 2 A A S nates the evaporation pro-

Fig. 7. Measured emission cur- _
rent of a W-emitter with an are reported for evaporation
inner layer of Ba0O/Ba. Param-
eter: evaporatorytemperature.

cess., Energies of 2,5=-3 eV

of Ba from metal capillary
cathodes, with a BaO supply
(47. However, these values
cannot be simplyaaccepted as such, since in these cathodes several
physical processes must take place in succession (evaporation of
Bal supply, chemical liberation of Ba, transport of Ba through
porous tungsten substance, etc.). For example, if evaporation is
primarily limited by the transport process in the tungsten, then
in interpreting the temperature dependence of evaporation one
measures the energy of activation of this process. In general,
one finds a sum of several processes which together determine the
total process. Since geometrical effects are also important
(e.g., number and size of pores), even a component process with a

;H%



relatively small activation energy may become limiting., The bond
energy of Ba to BaO is probably between 2 and 3 eV, that of Ba
to W between 3 and 4 eV.

The great diffebéncesiin the computed values obtained from
equatiois (23) and (28) show the important effect of the physical
model selected for the physical data obtained. This role of
the physical model is clear in the above inteppretations, since
purely formal, mathematical formulations, which have often been
used for adjustment to specific measurements, were not used. At
the same time, points of contact result for sophistication of
these theoretical congiderations. For example, it was assumed
that the bond energy falls suddenly from the value of the first
surface layer {(©® < 1) to the smaller value of the evaporator when
multiple layers. are beginning to be formed by further covering. /892

Of course, this transition is smoothed out because of the reclpro-
cal effect of the adsorbed atoms on cne another.

In this connection, it would also be interesting to investi-

gate single crystals, for which equation (19) must apply with
good approximations. '

15
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